Ocean warming and the increased prevalence of coral bleaching events threaten coral reefs. 22
Introduction 43
Scleractinian corals in association with Symbiodinium spp. symbionts are important primary 44 producers on coral reefs, which through biogenic processes create the complex calcium 45 carbonate framework of the reef milieu. The coral-Symbiodinium symbiosis can be disturbed 46 under environmental stress, which through a variety of cellular mechanisms, leads to the 47 reduction of symbiotic algal cells in coral tissue (i.e., coral bleaching) (Weis et al. 2008) . 48
Depending on the severity or duration of stress, bleaching causes coral mortality, although some 49 corals survive and recover their symbionts post-bleaching (Fitt et al. 1993; Cunning et al. 2016) . 50
The strength and frequency of bleaching events has increased over the last three decades from a 51 combination of progressive seawater warming (Heron et al. 2016 ) and climatic events (i.e., 52
Site description 135
Corals were collected from three patch reefs ( Fig. 1a Hawaiʻi (see Cunning et al. 2016 for more detail). Reef sites were identified for their location 139 within the longitudinal axis of Kāne'ohe Bay, which spans a north-south hydrodynamic gradient 140 of seawater residence times (north: < 2 d; south: 30 -60 d)) and oceanic influence (high in north, 141 low in south) (Lowe et al. 2009 ). 142 143
Environmental data 144
Dissolved inorganic nutrients in seawater were measured on samples collected (ca. 100 ml) from 145 surface waters (< 1 m) at each reef site at a period of once every two weeks from 11 November 146 2014 to 27 January 2015. In total, seven seawater samples were analyzed for each reef site over 147 the study period. Additional samples were also collected to analyze seawater nitrate δ 15 N using 148 the bacterial denitrifier method (see Supporting Information). Seawater was filtered (0.7 µm) 149 and stored in 0.1 N HCl-washed bottles and frozen at -20 °C until analyzed. Dissolved inorganic 150 nutrients -ammonium (NH 4 + ), nitrate + nitrite (NO 3 -+ NO 2 -) (i.e., N+N), phosphate (PO 4 3-), and 151 silicate (Si(OH) 4 ) -were measured by University of Hawai'i at Mānoa SOEST Laboratory for 152
Analytical Biogeochemistry using a Seal Analytical AA3 HR nutrient autoanalyzer and 153 expressed as µmol L -1 . Photosynthetically active radiation (PAR) and temperature data were 154 continuously recorded at 15 min intervals at 2 m depth at each reef site using cross-calibrated 155
Odyssey PAR loggers (Dataflow Systems Limited, Christchurch, New Zealand) and Hobo 156
Pendant UA-002-08 loggers (Onset Computer Corp., Bourne, MA) (see Supporting Information). 157 PAR and temperature loggers at Reef 25 experienced mechanical errors; therefore, only data 158 from Reef 44 and HIMB are presented. Instantaneous PAR values were used to calculate the 159 daily light integral (DLI) for each site (mol photons m -2 d -1 ). Rates of sedimentation at the three 160 sites were measured using sediment traps collected each month, and expressed as mg sediment -1 161 d -1 (see Supporting Information) . Colonies were identified and tagged (depth: <1 -3 m) with cattle tags and zip ties, and fragments 168 (4 cm in length) from each coral colony pair (5 pairs per species) were collected from each of the 169 three reefs during bleaching (24 October 2014) and ca. 3 month following peak seawater 170 temperatures (14 January 2015) ( Fig. S1 ). Fragments were immediately frozen in liquid nitrogen 171 and stored at -80 °C until processing. 172 173 All biomass assays were performed on the holobiont tissues (host + symbionts), following 174 established procedures (Wall et al. 2017 ). Additional information methodology information can 175 be found in the Supporting Information. Coral tissues were removed from skeletons using an 176 airbrush filled with filtered seawater (0.2 µm). The tissue slurry was briefly homogenized and 177 stored on ice. Chlorophyll (a+c 2 ) was used as a metric of bleaching and 178 symbiont densities (symbiont:host cell ratio) were measured previously (Cunning et al. 2016) . 179
Symbiodinium chlorophyll was extracted in 100 % acetone and measured by spectrophotometry (Jeffrey and Humphrey 1975) . Pigment concentrations were normalized to skeletal surface area 181 (cm 2 ) determined by the wax-dipping technique (Stimson and Kinzie 1991) . 182 183 Total tissue biomass was determined from the difference of dry (60 °C) and combusted (4 h, 450 184 °C) masses of an aliquot of tissue extract and expressed as the ash-free dry weight (AFDW) of 185 biomass cm -2 . Total protein (soluble + insoluble) was measured spectrophotometrically 186 following the Pierce BCA Protein Assay Kit (Pierce Biotechnology, Waltham, MA) using a 187 bovine serum albumin standard curve (Smith et al. 1985) . Tissue lipids were quantified on 188 lyophilized tissue slurry in a 2:1 chloroform:methanol solution followed by 0.88 % KCl and 189 100 % chloroform wash. The lipid extract was evaporated in pre-combusted (450 °C, 4h) 190 aluminum pans, and measured to nearest 0.0001 g (Wall et al. 2017 ). Carbohydrates were 191 measured by the phenol-sulfuric acid method using glucose as a standard (Dubois et al. 1965). 192 Finally, changes in tissue biomass reserves were assessed energetically using compound-specific 193 enthalpies of combustion (Gnaiger and Bitterlich 1984) . Proteins, lipids, carbohydrates, and 194 biomass kilojoules (i.e., energy content) were normalized to g AFDW of the tissue slurry (see 195 Reef 44 and HIMB declined from peaks in mid-October (≤ 29.2 °C), and daily mean (p = 0.192) 271 and minimum (p = 0.687) seawater temperatures were comparable ( Fig. S1d) . Light values 272 integrated over a 24 h day (i.e. DLI mol photons m -2 d -1 ) was 4.5 mol photons m -2 d -1 greater at 273 HIMB compared to Reef 44 (p < 0.001) ( Fig. S1b , Table S1 ) 274
Supporting Information

275
Dissolved inorganic nutrients differed among the three reefs ( Fig. 2a-d , Table S1 ). Phosphate (p 276 = 0.020) was lowest at Reef 25 and highest at Reef 44, with intermediate values at HIMB. 277
Ammonium concentrations were equivalent among reefs (p = 0.161), but nitrate + nitrite 278 concentrations were greater at Reef 44 compared to other reefs (p = 0.002). While, silicate (p = 279 0.724) and short-term sedimentation rates (p = 0.161) ( Fig. 2e ) did not differ among sites, silicate 280 tended to be higher at Reef 44 and an extended monitoring of sedimentation rates (2015 January 281 -2016 January) show annual sedimentation rates at Reef 44 and HIMB are approximately two-282 fold greater than that of Reef 25 (p = 0.041) ( Fig. 2f ). δ 15 N values for nitrate ranged from 3.8 to 283 4.9 ‰ (Table S2) (Table S3 ). Reef sites 290 significantly influenced M. capitata (p = 0.006), especially during October 2014 ( Fig. 3a) , 291
whereas P. compressa colonies were less influenced by site (p = 0.099) and instead 292 predominantly influenced by bleaching condition (Fig. 4a ). NMDS plots showed differences in 293 bleached and non-bleached colonies of both species during October 2014 (post-hoc: p ≤ 0.008) 294
where bleaching resulted in a negative correlation with chlorophyll concentration (chl) and 295 biomass in both species (Fig. 3b, 4b ) and lower host and symbiont C:N in P. compressa (Fig. 4b) . 296
By January 2015, the physiological condition of previously bleached M. capitata (post-hoc: p = 297 0.337) and P. compressa colonies (post-hoc: p = 0.125) were indistinguishable from non-298 bleached conspecifics, indicating a convergence of physiological properties in corals across 299 bleaching histories and a rapid physiological recovery from bleaching ( Fig. 3c-d , Fig. 4c-d) . A 300 summary of significant effects for all response variables can be found in Table 1 . 301
302
Montipora capitata chlorophyll and tissue biomass quantity ( Fig. 5a -b) and composition ( Fig.  303 6a-d) were similar across the three sites (p ≥ 0.222), but total chlorophyll (p = 0.041) and tissue 304 biomass (p = 0.011) were affected by the interaction of period × condition (Table S4 ). In 305
October bleached M. capitata had 63 % less chlorophyll and 30 % less tissue biomass than non-306 bleached phenotypes ( Fig. 5a-b ). By January, however, M. capitata chlorophyll and tissue 307 biomass were equivalent among bleached and non-bleached corals, having increased 255 % and 308 95 % in bleached phenotypes and 54 % and 37 % in non-bleached phenotypes, respectively, 309 from October 2014 levels ( Fig. 5a-b ). Over the recovery period, M. capitata protein biomass (g 310 gdw -1 ) declined by 20 % (p = 0.010) but did not differ among sites (p = 0.461) or between 311 bleached and non-bleached colonies (p = 0.267) ( Fig. 6a , Table S4 ). M. capitata tissue lipids, 312 carbohydrates and energy content did not differ among periods (p ≥ 0.073), sites (p ≥ 0.093) or 313 between bleached and non-bleached colonies (p ≥ 0.267) ( Fig. 6b-d ), although carbohydrate 314 biomass tended to be higher in January 2015 relative to October 2014. 315 316 Porites compressa chlorophyll content differed according to period × condition (p <0.001) and 318 site × condition (p = 0.008) interactions ( Fig. 5c, Fig. S5 ). In October, chlorophyll in bleached P. 319 compresa was reduced by 84 % (Reef 44), 78 % (Reef 25), and 92 % (HIMB) relative to non-320 bleached corals. By January, chlorophyll was equivalent between all P. compressa at Reef 25 321 and 44, but chlorophyll recovery was suppressed in colonies at HIMB, with previously bleached 322 corals having 25 % less chlorophyll than corals that did not bleach. P. compressa total biomass 323 was on average 19 % higher in non-bleached relative to bleached colonies (p = 0.025) but did not 324 differ among periods or sites (p ≥ 0.173) ( Fig. 5d ). 325
326
Porites compressa protein biomass was affected by period × condition (p = 0.011) ( Fig. 6e , 327 Table S5 ). In October, bleached colonies had 20 % more protein biomass than non-bleached 328 corals, however, previously bleached colonies in January had 20 % less protein biomass relative 329 to colonies that did not bleach. Tissue lipids and energy content did not differ among bleached 330 and non-bleached P. compressa (p ≥ 0.179) but the period × site interaction (p ≤ 0.008). At the 331 time of bleaching, P. compressa lipids and biomass energy content was equivalent among reefs, 332 being 0.386 -0.440 g lipids gdw -1 and 19 -20 kJ gdw -1 , respectively ( Fig. 6f ,h). However, three 333 months post-bleaching, tissue lipids and energy content had declined by ca. 27 % and 18 %, 334 respectively, in Reef 44 and Reef 25 P. compressa but were unchanged in corals from HIMB; 335 carbohydrate biomass showed no significant changes during the study (p ≥ 0.114) ( Fig. 6g ). 336 337
Tissue isotopic analysis 338
The carbon isotopic composition of M. capitata host (δ 13 C H ) tissues was on average 0.7 ‰ 339 higher in bleached relative to non-bleached colonies (p = 0.022), while mean symbiont δ 13 C 340 (δ 13 C S ) was lower (0.7 ‰) during bleaching and increased during post-bleaching recovery (p = 341 0.001). Host and symbiont δ 13 C did not differ among sites (p ≥ 0.073) ( Table 1, Table S6) , 342 although M. capitata δ 13 C H and δ 13 C S values tended to be lower at HIMB and increased along a 343 northern gradient (Fig. 7a ). The relative difference in M. capitata host and symbiont δ 13 C values 344 Table S6 ). 357 358 P. compressa host carbon isotopic composition was affected by the interaction of period × site × 359 condition (p = 0.032) ( Table 1, Table S7 ). δ 13 C H values were comparable among all corals and 360 sites in October during bleaching. During January recovery, however, previously bleached 361 colonies at HIMB were on average enriched in 13 C by 2 ‰ relative non-bleached colonies, while 362 bleached colonies at Reef 25 and Reef 44 did not differ from each other ( Fig. 7g ). δ 13 C S values 363 were affected by the period × condition interaction (p = 0.048). Coral condition did not affect P. 364 compressa δ 13 C in October, but in January δ 13 C S values in previously bleached corals were 1 ‰ 365 higher relative non-bleached colonies, although largely driven by δ 13 C S in HIMB colonies ( Fig.  366 7h). P. compressa δ 13 C H-S values did not differ over the study (p ≥ 0.136) ( Fig. 7i ). P. 367 compressa δ 15 N H values differed among periods (p = 0.014), sites (p <0.001), and was affected 368 by the period × condition interaction (p = 0.033), although this effect was not significant in post-369 hoc tests (p ≥ 0.078). Overall, mean δ 15 N H values were lower (0.4 ‰) in October compared to 370 January and higher (1 ‰) in colonies from HIMB relative to other sites (Fig. 7j ). The nitrogen 371 isotopic composition of Symbiodinium differed among reef sites (p = 0.024) with Symbiodinium 372 becoming progressively 15 N-enriched (1.2 ‰) from northern Reef 44 to southern HIMB ( Fig. 7k ). 373 δ 15 N S values were also higher (1.1 ‰) in bleached corals relative to non-bleached corals in 374
October, but not January (p = 0.009). This corresponded to lower P. compressa δ 15 N H-S values 375 (p = 0.001) for bleached colonies relative non-bleached corals (p = 0.001) during October alone 376 ( Fig. 7l ). P. compressa C:N H was higher in bleached relative to non-bleached colonies in 377
October and January (p <0.001) (Table S7 ). While C:N H was affected by period × site (p = 378 0.004), in post-hoc tests C:N H did not differ among sites within each period ( Fig. S2c) . C:N S 379 showed no significant effects (p ≥ 0.085) ( Fig. S2d) . physiological stress (Fig. S1a) . Seawater temperatures among the three locations were similar. 422
However, Reef 44 in northern Kāne'ohe Bay (Fig. 1a ) had 27 % less light (Fig. S1 ), higher 423
[N+N], and a trend for higher ammonium and silicate concentrations and rates of sedimentation 424 October (Fig. 6 ). Over the same period, P. compressa biomass energy (kJ gdw -1 ) fell by 12 %, 495 and tissue lipids at Reef 25 and Reef 44 fell by 20 % (Fig. 6 ). Host C:N, however, did differ 496 between bleached and non-bleached colonies during (P. compressa) and following bleaching 497 during recovery in January 2015 ( Fig. 7a-b ). M. capitata δ 13 C H-S values were also higher in 576 bleached corals throughout the study, but were higher in. Conversely, effects on P. compressa 577 host and symbiont δ 13 C were limited to January alone, where δ 13 C S values were higher in 578 bleached versus non-bleached colonies at all sites but only at HIMB for δ 13 C H . Lower δ 13 C 579 values can result from greater feeding on particles (i.e., plankton, organic particles) with low-580 reliance heterotrophic feeding in bleached corals, but instead suggest differences in host tissue 585 δ 13 C during both bleaching and recovery along with seasonal effects on δ 13 C S independent of 586 bleaching history. For P. compressa, however, δ 13 C values were dependent on colony bleaching 587 history as well as site-specific effects on the host, especially at HIMB where PAR is greatest, 588 seawater residence times are prolonged, and chlorophyll recovery was incomplete ( Fig. 7g-h) . In 589 both species, changes in the proportion of proteins, lipids, carbohydrates, and their isotopic 590 composition may be particularly salient in explaining δ 13 C variance. isotope fractionation (Heikoop et al. 1998 ). An increase in δ 15 N S values at the time of bleaching 643 is intriguing, as this suggests symbiont repopulation proceeds rapidly following peak thermal 644 stress. The capacity for rapid nitrogen assimilation post-bleaching may be an important factor in 645 physiological resilience of corals, and may be shaped by Symbiodinium functional diversity 646 and after a regional bleaching event at three reef sites revealed tissue biomass and chlorophyll to 654 be most affected by bleaching. Photopigment and total biomass recovery was rapid in M. 655 capitata but lagged in P. compressa, suggesting longer post-bleaching recovery times for this 656 species. Surprisingly, bleaching history did not significantly affect energy reserves in either 657 species. Instead, protein (M. capitata) and lipids (P. compressa) declined over time, and showed 658 
